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The temperature dependences of the peak position and width of the photoluminescence band in
Al0.1In0.01Ga0.89N layers were explained by Monte Carlo simulation of exciton localization and
hopping. The introduction of a doubled-scaled potential profile due to inhomogeneous distribution
of indium allowed obtaining a good quantitative fit of the experimental data. Hopping of excitons
was assumed to occur through localized states distributed on a 16 meV energy scale within the
In-rich clusters with the average energy in these clusters dispersed on a larger 共42 meV兲 scale.
© 2003 American Institute of Physics. 关DOI: 10.1063/1.1625111兴

Group-III nitride based visible-ultraviolet light emitters
have attracted a great deal of attention due to their potential
applications in lighting, fluorescence excitation, medicine,
etc.1 The progress in improving efficiency of light emitting
diodes as well as in achieving an increasingly shorter emission wavelength continues rapidly.2,3 Introduction of indium
and/or aluminum into GaN plays a key role in strain and
band engineering of nitrides.4 Indium is demonstrated to
smooth the chaotic band-tail potential induced by partial disorder in the nitride alloys due to composition fluctuations5
and, thus, facilitates hopping of localized excitons at low
temperatures.6 An ‘‘anomalous’’ S-shaped temperature dependence of the photoluminescence 共PL兲 band peak observed
in InGaN,7,8 AlGaN,9 and AlInGaN10–12 as well as W-shaped
dependence of the full width at half maximum 共FWHM兲10,13
are usually considered as a signature of exciton hopping.14 –16
The following qualitative explanation of the anomalous
temperature behavior of the emission band in semiconductors was proposed to interpret the observation of this phenomenon in InGaAs/InP single quantum wells.17 An initial
temperature-induced redshift of the band peak was attributed
to an increased mobility of excitons and, hence, their ability
to move over longer distances to deeper localized states. The
blueshift that is observed with further increase of the temperature was attributed to the population of the localized
exciton states with increasingly higher energy, whereas the
subsequent redshift is due to the typical band gap shrinkage
with temperature. An abrupt increase of the linewidth with
temperature was related to thermalization of excitons over
localized states, as opposed to the situation at lower temperatures with excitons being unable to attain equilibrium distria兲
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bution within a finite lifetime 共leading to a narrower
linewidth兲.
A quantitative model of the anomalous behavior of the
emission band was developed for either extremely-low 共almost ‘‘zero’’兲 temperatures or relatively high temperatures
with carriers being already under thermal equilibrium conditions. In the case of almost zero temperatures, the initial
redshift of the band peak was successfully described in
ZnSe-based quantum wells within the framework of the kinetic theory.18 At high temperatures, typically at T⬎80 K, a
model that accounts for the temperature-induced blueshift of
the PL peak in InGaN-based structures was proposed by assuming a Gaussian distribution of localized states.7 However,
neither the S-shaped PL band peak nor W-shaped linewidth
temperature dependences were quantitatively described for
nitrides in a wider temperature range.
In this letter, we report on Monte Carlo simulation of
temperature dynamics of the localized exciton hopping in
quaternary AlInGaN, that is a general example of group-III
nitride alloy with the qualitative features of exciton motion
deduced from temperature and excitation power density PL
dependences.6,10 The simulation results enabled us to obtain
a quantitative description of the nonmonotonous temperature
behavior of the Stokes shift and linewidth in In-containing
group-III nitride alloy in the temperature range of 8 –150 K.
Figure 1 shows the experimental 共points兲 and calculated
共lines兲 PL dependences of the Stokes shift and FWHM
as functions of temperature for a 0.2-m-thick
Al0.1In0.01Ga0.89N sample. The measured PL Stokes shift
slightly increases with increasing temperature from 8 to 60 K
and decreases with a further increase of temperature up to
300 K, the highest temperature used in this study. The PL
linewidth also features a nonmonotonous temperature behav-
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FIG. 2. Schematic plot of a double-scaled potential profile in an AlInGaN
alloy. The dispersion of the distribution of localized states within each cluster is  and the dispersion of the distribution in average localization energy
of the clusters is ⌫.

rate from a localized state i to a state j separated by the
distance r i j was defined by Miller–Abrahams expression

冉

 i→ j ⫽  0 exp ⫺

冊

2r i j E j ⫺E i ⫹ 兩 E j ⫺E i 兩
⫺
,
␣
2k B T

共2兲

where E i and E j denote the energies of the initial and final
states, respectively,  0 is the attempt-to-escape frequency,
and ␣ specifies the decay length of the exciton wave function. By using all the calculated hopping rates as well as the
rate of radiative recombination,  ⫺1
0 , one of the two possible
events, either hopping to another state or radiative annihilation from a current state, was randomly selected. The energies of the localized states at which the event of radiative
annihilation occurred were recorded to compose the emission
spectra. Since a relatively thick epilayer 共0.2 m兲 was conFIG. 1. Experimental 共points兲 and calculated 共lines兲 temperature dependences of the Stokes shift 共a兲 and FWHM 共b兲 in the Al0.1In0.01Ga0.89N
sidered, a three-dimensional version of the Monte Carlo
sample. Dashed lines, straightforward Monte Carlo simulation for the posimulation procedure was used.
tential roughness ⫽16 meV; solid lines, results for double-scaled potential
The dashed lines in Fig. 1 depict the results of the
profile with an additional broadening 共⌫⫽42 meV兲 due to dispersion in
straightforward Monte Carlo simulation with the most
average localization energy of In-rich clusters. Dotted lines indicate the
thermalized behavior according to the band-tail-filling model.
relevant set of fitting parameters  0  0 ⫽3⫻105 and N ␣ 3
⫽0.1, respectively. Although the simulated temperature dependence of the Stokes shift quantitatively agrees with the
ior. The linewidth increases with temperature in the range of
experimental one 关Fig. 1共a兲兴, the simulated FWHM appears
8 –75 K, remains almost constant for 75–170 K and again
to be much narrower than the measured values 关Fig. 1共b兲兴.
increases for 170–300 K.
As expected at T⬎80 K, thermal equilibrium is established
The dotted line in Fig. 1 shows the temperature evoluand the Monte Carlo simulation yields identical results with
tion of the Stokes shift and FWHM in accordance with the
the band-tail-filling model, i.e., a monotonously decreasing
band-tail-filling model for thermalized carriers with the
Stokes shift and a temperature independent linewidth 共dotted
Gaussian distribution of localized states and dispersion,
lines兲.
⫽16 meV.7 This model provides the following expression
To achieve a quantitative description of the temperature
for the temperature dependence of the Stokes shift:
dependence of both the Stokes shift and FWHM in the entire
temperature range, we propose a model of a double-scaled
E Stokes⫽⫺  2 /k B T
共1兲
potential profile in an AlInGaN alloy. The model implies the
and yields the temperature independent value of 2  冑ln 4 for
formation of In-rich clusters due to composition fluctuations
FWHM. However, the validity of this latter model under
in AlInGaN 共see the sketch of the proposed potential profile
conditions of thermal equilibrium restricts its use to relain Fig. 2兲. Within the framework of this model at low temtively high temperatures. Hence, this model is only capable
peratures, exciton hopping over chaotic potential fluctuations
to describe the Stokes shift in the temperature range of 80–
with a roughness  is restricted within the native cluster.
150 K. The initial increase of the Stokes shift in the temperaConsequently, the overall emission band is a superposition of
ture range of 8 – 60 K can be caused by redistribution of
narrow bands due to exciton annihilation in each cluster. Benonthermalized excitons into lower-energy localized states.10
cause of the fluctuations in size or/and in indium content,
To have a complete description of the PL temperature
i.e., in average localization energy of the individual In-rich
dynamics we employed the Monte Carlo simulation proceclusters, an additional inhomogeneous line broadening, ⌫, is
dure 共similar to that described in Refs. 16 and 19兲 for the
introduced. Our model is supported by experiments that rephonon-assisted exciton hopping over localized states disvealed the variation of the band peak energy at different
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
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with 1% of In with the roughness of the potential profile in
the individual clusters of 16 meV and their distribution in
average localization energy of 42 meV. We suggest that the
proposed model could be successfully applied to describe the
temperature behavior of the emission band in ternary nitrides
as well.

FIG. 3. Comparison of the experimental 共points兲 and simulated 共lines兲 PL
spectra at various temperatures 共indicated兲. The horizontal axis is in units
relative to the exciton energy.
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20,21

size and composition of In-rich clusters.
The inhomogeneous PL band broadening due to the double-scaled potential
profile was implemented by convoluting the spectra, S 0 (  ⬘ ),
obtained for one In-rich cluster directly from the Monte
Carlo simulation with a Gaussian curve, G(⌫,  ), which describes the distribution of the average localization energies in
different In-rich clusters
S共  兲⫽

冕

S 0 共  ⬘ 兲 G 共 ⌫,  ⫺  ⬘ 兲 d  ⬘ .

共3兲

The shape of the experimental 共points兲 and convoluted
PL spectra 共lines兲 is compared in Fig. 3 for three different
temperatures. A fair quantitative agreement between the experiment and simulation was obtained in the temperature
range of 8 –150 K with ⫽16 meV and ⌫⫽42 meV. The
corresponding temperature dependence of the Stokes shift
and linewidth is indicated by solid lines in Fig. 1. A deviation
of simulation results in respect to experimental data above
150 K might be attributed to an increased influence of delocalized states, which were not taken into account in this
model.
Our simulation results show that the dispersion of the
localized states within the In-rich clusters and the cluster
distribution in average localization energy might be roughly
estimated as

 ⫽2k B T S ,

共4兲

⌫⫽ 冑⌫ 2S /ln 4⫺  2 ,

共5兲

and

respectively. Here T S is a saturation temperature of the linewidth 关see Fig. 1共b兲兴 and ⌫ S is the experimental linewidth
above the saturation temperature.
In conclusion, the double-scaled potential profile model
enabled us to achieve a quantitative description of the Stokes
shift and the linewidth in the temperature range of 8 –150 K
in an AlInGaN alloy using Monte Carlo simulations. Our
results confirm the formation of In-rich clusters in AlInGaN
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